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Abstract
We discuss leptogenesis within a TeV-scale inverse seesaw model for neutrino masses where
the seesaw structure is guaranteed by an SO(10) symmetry. Contrary to the TeV-scale type-I
gauged seesaw, the constraints imposed by successful leptogenesis in these models are rather
weak and allow for the extra gauge bosons WR and Z
′ to be in the LHC accessible range. The
key differences in the inverse seesaw compared to the type I case are: (i) decay and inverse decay
rates larger than the scatterings involving extra gauge bosons due to the large Yukawa couplings
and (ii) the suppression of the washout due to very small lepton number breaking.
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I. INTRODUCTION
One of the attractive features of the seesaw mechanism for neutrino masses [1]
is that it provides a way to understand the origin of matter in the Universe via leptogen-
esis [2] (for a recent review, see Ref. [3]). In the vanilla framework of leptogenesis where
right-handed (RH) neutrino masses are hierarchical, it is well known that the lightest RH
neutrino needs to be rather heavy, around 109 GeV or higher [4]. These scales are however
beyond the reach of collider experiments, e.g. the CERN Large Hadron Collider (LHC).
On the other hand, from the point of view of the seesaw model itself, one can envisage
the new physics scale to be anywhere between TeV to 1014 GeV. It is well known that
the scale of leptogenesis can be lowered to the TeV scale if one allows the RH neutrinos
to be quasi-degenerate [5]. However, first the quasi-degeneracy should be motivated, and
second if the scale of the RH neutrinos is to be explained by the breaking of some gauge
symmetry, what is the impact of the latter on leptogenesis?
Two classes of seesaw models are of interest in this connection: the usual
type-I seesaw [1], and the inverse seesaw [6]. In both classes of models, a higher gauge
symmetry, e.g. B − L, is usually called for to make the model “natural”. In addition to
providing a compelling reason for the inclusion of the RH neutrinos to guarantee anomaly
cancellation, in the type-I case it can be used to understand why the seesaw scale is so
much lower than the Planck scale, whereas, in the inverse seesaw case, it stabilizes the
zeros in the (ν,N, S) mass matrix that leads to the doubly-suppressed seesaw formula.
An attractive gauge symmetry that embeds the B − L symmetry and also
provides a way to understand the origin of parity violation in low-energy weak interactions
is the Left-Right (LR) gauge group SU(2)L×SU(2)R×U(1)B−L [7]. An important question
that arises in these models is: What is the scale of parity invariance? In particular, if it is
in the TeV range and if at the same time leptogenesis generates the desired matter-anti-
matter asymmetry, then the LHC could be probing neutrino mass physics as well as shed
light on one of the deepest mysteries of cosmology.
Since Sakharov’s out-of-equilibrium condition [8] must be satisfied in order to
generate a baryon asymmetry, the existence of new interactions inherent to the LR mod-
els make it a nontrivial task to check whether a TeV-scale WR is indeed compatible with
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leptogenesis as an explanation of the origin of matter. Specifically, the efficiency of lep-
togenesis crucially depends on the number of RH neutrinos that decay out of equilibrium
to produce a leptonic asymmetry. This number is set by two things: First, it depends
on the relative magnitudes of the decay rate and the (CP -conserving) gauge scattering
rates of the RH neutrino, since this can lead to a dilution of the number of “useful” RH
neutrinos. Second, the washout processes, primarily inverse decays, should drop out of
equilibrium early enough, otherwise the number of RH neutrinos gets suppressed at an
exponential rate.
These issues have been analyzed for the type-I case within LR symmetric
models [9] as well as B − L models [10]. It was found that for the full LR models with
TeV-scale parity restoration and RH neutrino masses, gauge scattering rates induced by
WR exchange largely dominate the decay and inverse decay rates because the Yukawa
couplings are small for the standard type-I seesaw at the TeV scale. These facts lead
to a huge dilution of the number of RH neutrinos which decay out of equilibrium and
in a CP asymmetric manner. Moreover, the gauge scattering interactions also wash out
lepton number at a very large rate, much larger than the inverse decays. Altogether,
these two effects lead to a very stringent constraint on the mass scale of WR for successful
leptogenesis,MWR ≥ 18 TeV [9], which would imply that the discovery of aWR at the LHC
is incompatible with thermal leptogenesis as the origin of matter. On the other hand, in
the case of a simple B−L theory, successful leptogenesis only implies thatMZ′ ≥ 2.5 TeV
in the “collider-friendly” region of parameter space where the RH neutrino mass is less
than half the Z ′ mass [10]1. We note that there exist bounds on the WR mass from low
energy observations [12] and they allow WR mass to be as low as 2.5 TeV.
In this paper, we have analyzed the leptogenesis constraints on the recently
proposed TeV-scale LR model within a unified supersymmetric SO(10) framework [13]
where neutrino masses arise from an inverse seesaw mechanism2. Two features distinguish
the inverse seesaw mechanism from the type-I seesaw: (i) the Dirac Yukawa couplings of
the RH neutrino N can be much larger (∼ 10−1 − 10−2) than for the type-I case (where
they are typically of order ∼ 10−6 for TeV-scale RH neutrino masses) and (ii) the lepton-
1 For a discussion of low scale leptogenesis in an SO(10) model where only the doubly charged Higgs
boson is in the TeV range, see Ref. [11].
2 For other low-scale leptogenesis scenarios in inverse-seesaw-related frameworks, see Ref. [14].
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number-violating parameter (the Majorana mass µ of the left-right singlet lepton S, which
measures the “pseudo-Diracness” of N) is much smaller than the Dirac mass of N . As
a result, first, the decay rate of N can be much larger than the WR exchange scattering
rate at the baryogenesis epoch, and second, the wash-out processes are suppressed by the
small Majorana mass µ. Consequently, we find that both the WR and Z
′ can be in the
TeV range and hence accessible at the LHC. This is the main result of our paper, and it
should make the case for searching the WR and Z
′ at LHC stronger [15].
This paper is organized as follows: in Section II, we summarize the LR inverse
seesaw model and give the Dirac Yukawa couplings as well as the various lepton-number-
violating parameters as constrained by SO(10) unification [13]. In Section III, we present
a generic discussion of leptogenesis in this class of inverse seesaw models; in Section IV,
we present the numerical results for our model. Finally, we summarize our findings and
conclude in Section V. In Appendix A, we present a new scenario for gauge coupling
unification (different from that discussed in Ref. [13]) in these models where the relative
magnitudes ofWR and Z
′ masses can be unrelated. In Appendix B, we give the analytical
expressions of the CP -asymmetry in the inverse seesaw model for some special cases.
II. LEFT-RIGHT INVERSE SEESAW PARAMETERS IN SO(10)
The implementation of the inverse seesaw mechanism [6] requires, in addition
to the usual Standard Model (SM) singlet RH neutrinos Ni (i = 1, 2, 3 for three genera-
tions) as in the typical type-I seesaw, three extra SM gauge singlet fermions Si coupled
to the RH neutrinos through the lepton-number-conserving couplings of the type NS,
while the traditional RH neutrino Majorana mass term is forbidden by the lepton number
symmetry3. In the low energy theory, dominant lepton number breaking arises only from
the self-coupling term SS. The neutrino mass Lagrangian in the flavor basis is given by
Lmass = νTC−1MDN +NTC−1MNS + 1
2
STC−1µS + h.c., (1)
where µ is a complex symmetric 3 × 3 mass matrix containing all the lepton-number-
violating parameters, and MD and MN are 3 × 3 mass matrices representing the Dirac
3 If we include higher dimensional terms in the theory, they can induce an NN Majorana mass term but
its magnitude is of order v2
BL
/MPl ∼ 10−13 GeV and is too small to affect our discussion.
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mass terms in the ν–N and N–S sectors, respectively. In the basis {ν,N, S}, the full 9×9
neutrino mass matrix is then given by
Mν =


0 MD 0
MTD 0 MN
0 MTN µ

 . (2)
The lepton-number-violating entries in the µ matrix have to be much smaller than the
Dirac neutrino masses in order to fit the light neutrino masses, as observed in neutrino
oscillation experiments. In fact, the light neutrino mass matrix can be cast in a seesaw-like
form in the limit µ≪MD ≪MN :
mν ≃MDM−1N µ
(
MTN
)−1
MTD ≡ FµF T , (3)
to leading order in F =MDM
−1
N . As expected, in the limit µ→ 0, which corresponds to
unbroken lepton number, we recover the massless neutrinos of the SM. We note that this
smallness of the µ-parameter peculiar to the inverse seesaw models allows for a neutrino
mass fit even with TeV-scale RH neutrino mass and large Dirac mass terms. Theoretically,
smallness of the µ-term could be explained in extra dimensional brane world models if
the lepton number is broken in a separate brane from the standard model brane [16].
As shown in Ref. [13], in order to embed a TeV-scale inverse seesaw mechanism
into a generic SO(10) model, we need to break the B − L gauge symmetry by 16-Higgs
fields at the TeV scale, whereas the SO(10) symmetry is broken down to the LR symmetric
gauge group SU(3)c×SU(2)L×SU(2)R×U(1)B−L at the GUT-scale by 45 and 54-Higgs
fields; finally, the SM symmetry is broken at the weak scale by 10-Higgs fields. As in
the usual SO(10) models, the three generations of quark and lepton fields are assigned to
three 16-dimensional spinor representations, and correspondingly, we add three SO(10)
singlet matter fields 1i (they can be identified with the Si fields above) to implement the
inverse seesaw mechanism.
As discussed in Ref. [13], we need at least two 10H fields to have a realistic
fermion mass spectrum; we also need two 45H fields, one for symmetry breaking at the
GUT scale and another to give rise to the vectorlike color triplets at the TeV-scale as
required by coupling unification constraints. Similarly, we need only the SU(2)R doublet
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fields of 16H and no SU(2)L fields for unification
4. With this minimal set of Higgs fields,
the most general Yukawa superpotential is given by
WY = haij16i16j10Ha +
faij
M2
16i16j10Ha45H45
′
H +
f ′aij
M
16i16j10Ha45H
+f ′′ijk16i1j16Hk + µij1i1j , (4)
where the first term is the usual Yukawa coupling term, the second and third terms are
higher-dimensional terms, and the last two terms give rise to the inverse seesaw mecha-
nism. As already pointed out in Ref. [13], it is sufficient to keep only one of the higher-
dimensional operators, usually the 16 · 16 · 10 · 45 · 45′ term, whose fully antisymmetric
combination acts as an effective 126H operator, in order to obtain a realistic fermion mass
spectrum at the GUT scale, and hence for simplicity, we will assume all the f ′-couplings
to be zero; keeping this term does not affect our discussion below 5.
The B − L symmetry is broken when the 16H -field acquires a vacuum expec-
tation value (VEV) and the N–S sector RH neutrino mass matrix is given by
MNij = vRf
′′
ij, (5)
where vR is the VEV of 16H and is of order TeV for the low-scale B−L breaking models
considered here. All the other fermion masses are generated when the SM symmetry is
broken at the weak scale by the 10H VEVs. We consider here only the model (A) of
Ref. [13] where the VEV patterns of the two 10H fields are given by
〈Φ1〉 =

 vd 0
0 0

 , 〈Φ2〉 =

 0 0
0 vu

 , (6)
and the fermion mass matrices are given by
Mu = h˜u + f˜ , Md = h˜d + f˜ ,
Me = h˜d − 3f˜ , MD = h˜u − 3f˜ , (7)
4 An alternative choice of Higgs fields which also consistently leads to coupling unification in this scenario
is presented in Appendix A.
5 The f ′ term has two effective contributions – one of 10 -Higgs type and another of 120-Higgs type. The
effective 10 coupling can be absorbed into the first term, and since the 120 coupling is antisymmetric
in generation indices, it only contributes to the off-diagonal elements in fermion mass matrices. Hence,
a non-zero f ′ coupling could only slightly modify the specific structure of the Dirac neutrino mass
matrix, without changing any of the main results of the paper.
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where in the notation of Ref. [13], h˜u,d ≡ vu,dhu,d and f˜ ≡ vufu = vdfd. Using the
renormalization group evolution of the fermion masses in the LR model, we obtain the
GUT-scale fermion masses starting from the experimentally known weak scale values, and
using these mass eigenvalues, we obtain a fit for the Yukawa coupling matrices at the GUT
scale, from which we can get the structure of the Dirac neutrino mass matrix. Here, as
an example, we quote the result for tan β ≡ vu/vd = 10 [13]:
MD =


0.0111 0.0384− 0.0103i 0.038− 0.4433i
0.0384 + 0.0103i 0.2928 1.8623 + 0.0002i
0.038 + 0.4433i 1.8623− 0.0002i 77.7573

 GeV. (8)
With this Dirac neutrino mass, we can easily fit the observed neutrino oscillation data
by fixing the singlet mass matrix µ in Eq. (3). As an example, for a normal hierarchy of
neutrino masses, and assuming a diagonal structure for the RH neutrino mass matrix MN
with eigenvalues (3.5, 3, 1) TeV, we can fit the observed 2σ neutrino oscillation data [17]
for the following choice of µ:
µ =


−17.4226 + 0.3098i 2.1033− 0.0590i −0.0136 + 0.0288i
2.1033− 0.0590i −0.2585 + 0.0097i 0.0016− 0.0035i
−0.0136 + 0.0288i 0.0016− 0.0035i 3.6× 10−5 + 4.6× 10−5i

 GeV. (9)
III. LEPTOGENESIS IN LEFT-RIGHT INVERSE SEESAW MODELS
In this section we summarize the main features of leptogenesis within the class
of LR inverse seesaw models discussed above. We also wish to note that while we have
used the SO(10) framework to make the results definite and somewhat more predictive,
our discussion applies also to the case with TeV-scale Left-Right symmetry without grand
unification. In what follows, we will partially follow the discussion presented in Ref. [18].
As discussed in the introduction, a crucial difference of the inverse seesaw
from the usual seesaw is the dependence on a new mass matrix, µ, which can lead to the
result that no matter what the ratio of the mass scales MD/MN is, the lightness of the
left-handed neutrinos can always be explained by small µ entries. In other words, the
inverse seesaw makes it possible to have at the same time large Dirac masses and low, say
TeV-scale, RH neutrino masses, and it still can explain why neutrinos are light. This is
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directly connected to the fact that, in the limit µ → 0, lepton number is conserved, and
therefore neutrino masses vanish, as in the SM. This is a crucial difference from the case
of TeV scale type I seesaw.
An interesting question to ask is how leptogenesis is affected by this distinctive
feature of inverse seesaw models. We expect that the lepton-number-violating washout
will go to zero in the limit of vanishing µ. As a matter of fact, as explicitly shown in
Ref. [18], the all-important ∆L = 2 washout process ℓΦ→ ℓ¯Φ† vanishes as δ2i , with
δi =
|Mi −Mj |
Γi
≃ µii
Γi
, (10)
where Γi is the total decay rate of Ni into lepton and Higgs (and antiparticles), and
Mi,j are the masses of the quasi-Dirac RH neutrino pair Ni,j (with Γi ≃ Γj). Note that
we denote by Mi (i = 1, . . . , 6) the heavy neutrino mass eigenvalues. As shown in the
Appendix, the leading order contribution to the mass splitting for each quasi-Dirac pair
comes from the diagonal elements of the µ matrix. Therefore, as expected, the washout
tends to zero in the limit of vanishing µ. The suppression of the washout can be shown to
occur through the destructive interference of one member of a quasi-Dirac pair with the
other [18]. It is instructive to show numerically how the washout is kept under control in
this family of models with more than one pair of RH neutrinos. The washout parameter
Ki is defined as
Ki =
Γi
H(z = 1)
=
(hh†)iiv
2
u
m⋆Mi
, (11)
where H(z) is the usual Hubble expansion rate: H(z) ≃ 1.66√g∗ M
2
i
z2MPl
, and m⋆ ≃ 1.08×
10−3 eV6. Plugging in numbers, we find that with Yukawa couplings of order 10−1 and
a RH neutrino mass of order 1 TeV, the washout parameter K is of order 1012, which is
huge! However, the suppression of the washout is also very large, being proportional to
δ2 with δ ≪ 1 due to the smallness of µ, as required to get the right scale for the light
neutrinos. Specifically, for the example of Eq. (9), we find that δ ∼ 10−5 and therefore
the effective washout parameter Keff ≃ δ2K ∼ 100, which is reasonably small.
6 Note here that for simplicity, we have assumed the SUSY breaking scale to be above the lightest
RH neutrino mass so that only the SM degrees of freedom are in relativistic thermal equilibrium, i.e.
g∗ ≃ 106.75. However, the main results of this paper remain unchanged irrespective of the sparticle
spectrum chosen.
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In the LR model we are considering, there are other processes contributing to
the washout of lepton number, for instance, NReR ↔ u¯RdR. More precisely, this process
destroys RH lepton number, but in the temperature range of interest to us (TeV scale)
every individual RH lepton flavor equilibrates with the LH lepton flavor one, thanks to
the Yukawa interactions. Does this process also turn off in the limit of lepton number
conservation? It can be easily shown that, including the production of the RH neutrino
by an inverse decay, followed by the scattering process mentioned above, there is also a
destructive interference within the quasi-Dirac pair which leads exactly to the same kind
of δ2-suppression as for the process ℓΦ→ ℓ¯Φ†.
Another feature of inverse seesaw models is that they typically lead to lepton
flavor equilibration [20] because of the large Yukawa couplings. More precisely, it can be
shown that the process ℓαΦ ↔ ℓβΦ, which does not change lepton number, but changes
lepton flavor, is deep in thermal equilibrium for the TeV temperatures (see, for instance,
Ref. [21]). Consequently, the Boltzmann equations for leptogenesis can be written as only
one equation for the sum of the lepton flavors [20]. In other words, flavor effects [19] are
not important in our framework.
Putting together all the qualitatively important effects discussed above and
solving the relevant set of Boltzmann equations, one can derive the following expression
for the efficiency factor (see, for instance, Ref. [22]):
κi(z) ≃
∫ z
z0
dz′
dN eqNi(z
′)
dz′
D(Ki, z
′)
D(Ki, z′) +DWR(z
′) + 4SZ′N
eq
Ni
(z′) + SWR(z
′)
×exp
[
−
∫ z
z′
dz′′
{∑
i
WID(Ki, z
′′) +WWR(z
′′)
}
δ2i
]
, (12)
where z ≡ Mi/T , NX is the number density of X over the relativistic number density
of RH neutrinos, and D, S, W denote the various decay, scattering and washout terms
respectively, defined in Section IV. Note that the expression above assumes dNNi/dz ≃
dN eqNi/dz with N
eq
Ni
= 1
2
z2K2(z), where K2(z) is the modified Bessel function of the 2nd
kind. This is a very good approximation in our model (with large Yukawa couplings).
Note also that we are neglecting spectator processes [23] and ∆L = 1 scatterings involving
the Higgs, which are both expected to lead to order one corrections.
9
The final baryon asymmetry can be conveniently written as
ηB ≃ 10−2
∑
i
ǫiκi(z →∞) , (13)
where the dilution factor 10−2 takes into account the fraction of B − L asymmetry con-
verted into baryon asymmetry by sphaleron processes and also the dilution due to photon
production from the onset of leptogenesis till recombination. ǫi is the CP -asymmetry
generated by the decay of Ni into any lepton flavor and is given by [24]
ǫi =
1
8π
∑
j 6=i
Im
[
(hh†)2ij
]
∑
β |hiβ|2
f vij (14)
where f v is the L-violating self-energy and vertex loop factor7. In the quasi-degenerate
limit of the (i, j) pair, we have
f vij ≃
M2j −M2i
(M2j −M2i )2 + (MjΓj −MiΓi)2
. (15)
Note that Eq. (14) was derived assuming heavy neutrino mass eigenstates.
Therefore, it is necessary to make a basis transformation from the “flavor” basis where
MRH =

 0 MN
MTN µ

 , (16)
to the diagonal mass basis with real and positive eigenvalues Mi (i = 1, 2, . . . , 6), grouped
into three quasi-degenerate pairs with mass splittings in each pair of order µkk (k = 1, 2, 3).
Analytically, the exact diagonalization of the full 6× 6 mass matrixMRH to get a closed
form expression for the Yukawa couplings, hiα, in terms of the known parameters, namely
MD, MN and µ, is extremely involved. In Appendix B, we show the analytical expressions
up to first order in µ for some simpler cases with only two quasi-Dirac pairs and show
explicitly that the CP -asymmetry indeed vanishes in the L-conserving limit µ → 0, as
expected. For the general case with three quasi-Dirac pairs, we numerically evaluate the
CP -asymmetry in the next section. We note that the three-pair case reduces to the two-
pair case discussed in Appendix B if one of the masses is much heavier than the other
two and hence decouples from the rest.
7 Note that the L-conserving self-energy contribution vanishes when one sums over flavor.
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IV. RESULTS
As noted in Section II, the Yukawa couplings are fixed by the SO(10) symme-
try. The µ matrix can be deduced from the knowledge of the light neutrino masses and
mixing angles as a function of the RH neutrino mass matrix MN , which can be taken to
be diagonal without loss of generality. Varying the RH neutrino mass eigenvalues input
then leads to different µ matrices, keeping the light neutrino mass matrix given by Eq. (3)
such that its mass eigenvalues and mixing angles are within 2σ of the observed values.
Once we know the explicit form of the RH neutrino mass matrix given by Eq. (16), we
can define the quasi-Dirac pairs by transforming to a basis in which this mass matrix is
diagonal with real and positive eigenvalues. We then calculate the CP -asymmetry and
efficiency factors for the decay of the lightest RH neutrino pair and scan the parameter
space to match the calculated baryon asymmetry (using Eq. (13)) with the observed 68%
C.L. value, ηB = (6.2 ± 0.15) × 10−10 [25]. Note that we only consider the asymmetry
generated by decay of the lightest RH neutrino pair as the asymmetry generated by the
heavy pairs is washed out very rapidly (due to large exponential suppression), and for
these washouts not to affect the asymmetry generated by the lightest pair, we require the
lightest pair to be at least 3 times smaller than the next heavy pair [26].
To calculate the efficiency factor given by Eq. (12), we first write down the
thermally averaged rates for N → ℓΦ decay and the corresponding inverse decay [22]:
D(Ki, z) =
K1(z)
K2(z)Kiz,
WID(Ki, z) =
1
4
KiK1(z)z3. (17)
with Ka, a = 1, 2 denoting the modified Bessel function of the ith type. The thermally
averaged rate DWR for the WR-mediated N -decay, N → ℓqRq¯′R, is given by
DWR(z) =
γ
(WR)
N
neqNHz
(18)
where neqN is the RH neutrino equilibrium number density, n
eq
N (z) =
3
4
nγ(z)N
eq
Ni
(z) with
nγ =
2ζ(3)
π2
T 3, and γN is the reaction density:
γ
(WR)
N = n
eq
N (z)
K1(z)
K2(z)Γ
(WR)
N , (19)
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where Γ
(WR)
N is the total three body decay width of N , given by [9]
ΓWRN =
3g4R
29π3M3N
∫ M2
N
0
ds
(M6N − 3M2Ns2 + 2s3)
(s−M2WR)2 +M2WRΓ2WR
. (20)
with the WR total decay width ΓWR =
g2
R
4π
MWR.
The various scattering rates SWR,Z′ appearing in Eq. (12) are also defined as
in Eq. (18) where the corresponding scattering reaction density is related to the reduced
cross section as follows (see, for instance, Ref. [27]):
γ(ab↔ cd) = M
4
N
64π4z
∫ ∞
xthr
dx
√
xσˆ(x)K1(z
√
x) (21)
with x = s/M2N and the threshold value xthr =
1
M2
N
max[(ma + mb)
2, (mc + md)
2]. The
reduced cross sections for various WR exchange diagrams were computed in Ref. [9]:
σˆNeR↔u¯RdR(x) =
9g4R
48πx
(1− 3x2 + 2x3)[(
x− M
2
WR
M2
N
)2
+
M2
WR
Γ2
WR
M4
N
] , (22)
σˆNu¯R↔eRd¯R(x) =
9g4R
8πx
∫ 0
1−x
du
(x+ u)(x+ u− 1)(
u− M
2
WR
M2
N
)2 , (23)
σˆNdR↔eRuR(x) =
9g4R
8π
M2N
M2WR
(1− x)2(
x+
M2
WR
M2
N
− 1
) , (24)
Here we have ignored the t-channel process NN → ℓℓ as the rate for this process falls off
very rapidly for the region of interest, viz. z > 1 [9].
The reduced cross section for the Z ′ exchange diagram is given by [28]
σˆNN↔ℓℓ¯,qq¯(x) =
13g4B−L
6π
√
x(x− 4)3(
x− M2Z′
M2
N
)2
+
M2
Z′
Γ2
Z′
M4
N
, (25)
with the total Z ′ decay width
ΓZ′ =
g2B−L
24π
MZ′

13 + 3
(
1− 4M
2
N
M2Z′
)3/2 . (26)
Before calculating the efficiency factor, it is instructive to compare all the
reaction rates appearing in Eq. (12) to get a clear idea of various contributions. As
an illustration, we consider the case with the RH Majorana neutrino mass eigenvalues
(3.5, 3, 1) TeV (as in Eq. (9)). The flavor-summed washout parameter for the decay of
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the lightest quasi-Dirac pair in this case is given by K3 ≃ 4 × 1011 whereas the effective
washout parameter is given by Keff3 ≃ δ23K3 ≃ 168 which is reasonable. For comparison,
the corresponding values for the two heavy pairs are Keff1 ≃ Keff2 = 8 × 107 which, when
exponentiated in the washout term in Eq. (12), leads to a huge suppression, thus making
the efficiency in those channels practically negligible. Hence, from now on, we will consider
the decay of only the lightest pair.
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FIG. 1. Various N decay and scattering rates (thermally averaged) as a function of z =MN3/T
for a particular choice of RH neutrino masses, (MN1 ,MN2 ,MN3) = (3.5, 3, 1) TeV and MWR =
MZ′ = 2 TeV. The yellow shaded region is where the asymmetry is generated.
In Fig. 1, we show the various thermally averaged decay and scattering rates
as a function of z ≡ MN3/T , for the above choice of the RH neutrino masses and for
MWR = MZ′ = 2 TeV. The yellow shaded region shows the asymmetry production time,
approximately when zB − 2 < z < zB +2 with zB ≃ 2+ 4K0.13e−2.5/K ≃ 9 [21]8. We note
that in this range, the N → ℓΦ decay rate, DℓΦ, dominates over the three-body decay rate
as well as all the scattering rates by several orders of magnitude. Hence in the efficiency
factor, Eq. (12), the dilution term D/(D + S) is very close to unity and is essentially
independent of MWR and MZ′. The enhanced N → ℓΦ decay rate is due to the large
Yukawa couplings in the inverse seesaw scenario. We also note that as the WR-mediated
8 Here we have assumed that the production of asymmetry stops immediately after the temperature drops
below the sphaleron freeze-out temperature, Tsph ≃ 130 GeV for a Higgs mass mH = 120 GeV [29].
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three-body N decay rate is much smaller than the N → ℓΦ decay rate, the washout term
WWR in Eq. (12) arising due to the process ℓΦ → N → ℓ¯qq¯′ which is proportional to
the branching ratio of N → ℓ¯qq¯′ will be suppressed compared to the inverse decay term
WID. Thus we find that the efficiency factor is also essentially independent of both WR
and Z ′ masses for a wide range of parameter space. Of course, the WR and Z
′ scattering
terms will start to dominate for very low values of their masses; however, we estimated
this lower bound to be well below the current collider bounds on MWR and MZ′ which are
roughly a TeV or so [30].
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FIG. 2. Correlation between the baryon asymmetry and the lightest RH neutrino mass for
various heavy mass pairs (MN1 ,MN2) in TeV. The yellow shaded region is the observed value of
ηB within 2σ C.L..
Fig. 2 shows the baryon asymmetry ηB as a function of the lightest RH neutrino
mass MN3 for different choices of the heavy RH neutrino masses (MN1 ,MN2) from 1.5− 3
TeV. The calculated value of ηB is to be compared with the observed 68% C.L. value,
ηB = (6.2 ± 0.15) × 10−10 [25]. It is clear from the figure that for a given heavy mass
pair, there is a narrow range of values allowed for MN3 satisfying the observed baryon
asymmetry (the yellow shaded region). We note that for fixed MN1 , the allowed range
of MN3 decreases with increasing MN2 , while for fixed MN2 , the allowed range of MN3
increases with increasing MN1 . Also note that when the heavy pairs have degenerate
mass, the baryon asymmetry gets suppressed (e.g. the lower two lines in Fig. 2) due to
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the suppression in the CP -asymmetry. Finally, we note that for a given set of heavy mass
pairs, ηB ∝M−3N3 .
Fig. 3 shows the correlation between the efficiency factor and the flavor-
summed CP asymmetry for various channels. The different lines correspond to different
values of the heavy mass pair, (MN1 ,MN2) in TeV, starting from (3,1.5) TeV at the top
to (3,3) TeV at bottom. We note that for fixed MN1 , the lines move down as we increase
MN2 while for fixed MN2 , they move up with increasing MN1 . The yellow shaded region
shows the observed value of ηB which is essentially the product of κ and ǫ, summed over
all pairs. As we have pointed out earlier, only the lightest pair contribution is significant,
while the efficiency is too small for the other two pairs.
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FIG. 3. Correlation between the efficiency factor and the flavor-summed CP -asymmetry for the
lightest pair for various values of the heavy mass pair (MN1 ,MN2) in TeV. The yellow shaded
region corresponds to the observed value of ηB within 2σ C.L..
V. CONCLUSION
In summary, we have shown that a TeV-scale Left-Right symmetry can be
compatible with the understanding of the origin of matter via leptogenesis provided small
neutrino masses are understood using the inverse seesaw mechanism. A crucial feature
of this mechanism is that the magnitude of the lepton-number-breaking Majorana mass
term is directly proportional to the neutrino mass, rather than inversely as in the usual
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type-I seesaw framework. This allows the Yukawa couplings that generate the Dirac mass
for the neutrinos close to one, even with TeV-scale RH neutrinos. These two facts help
to keep the wash-out of the generated lepton asymmetry under control, and thus explain
the origin of matter while keeping both the Z ′ and WR in the TeV range. The results of
this paper should provide new motivation for searching for the WR and the Left-Right Z
′
at the LHC. As has been already emphasized in literature [15], the signal for the inverse
seesaw with WR would be presence of trilepton final states with missing energy.
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Appendix A: A New Coupling Unification Scenario
It was shown in Ref. [13] that the SO(10) embedding of TeV-scale inverse
seesaw mechanism discussed in this paper is consistent with gauge coupling unification.
In particular, it was shown that for the symmetry breaking chain
SO(10)
MG−→ 3c2L2R1B−L (SUSYLR) MR−→ 3c2L1Y (MSSM) MS−→ 3c2L1Y (SM) MZ−→ 3c1Q,
and for TeV-scale SUSY and B − L breaking, it is possible to obtain gauge coupling
unification with two 10H bidoublets, two RH 16H doublets and one 45H color triplet. In
this section, we show that there is an alternative choice of Higgs fields which also leads
to coupling unification with TeV-scale WR and Z
′. If we add one set of SU(2)R triplets,
∆(1, 1, 3, 0), coming from the 45H field, then we can also achieve unification with the
same field content as above except that we need only one SU(2)R doublet. The SUSYLR
β-function in this model is given by
bi =
(
10 +
3
2
nL +
3
2
nR, n10 + nL, n10 + nR + 2,−2
)
=
(
23
2
, 2, 3,−2
)
(i = 1B−L, 2L, 2R, 3c)
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for n10 = 2, nL = 0 and nR = 1. As shown in Fig. 4, we achieve unification at MG ≃
4× 1016 GeV with α−1U ≃ 20.3.
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FIG. 4. Gauge coupling unification in the new SO(10) scenario with one SU(2)R doublet and
one SU(2)R triplet.
This model has two nice features over the previous one: (i) all the Higgs fields
required for unification are connected to breaking of separate gauge symmetries and there
is no arbitrariness in the number of fields, and (ii) the presence of the SU(2)R triplet
enables us to decouple the mass scales MWR and MZ′ which are otherwise related in usual
Left-Right models with MZ′ > MWR.
Appendix B: Analytical Expression for the CP -Asymmetry
The full Majorana mass matrix in the flavor basis (Ni, Si) is given by
M =

 0 MN
MTN µ

 (B1)
where for i = 1, 2, 3, bothMN and µ are 3×3 symmetric matrices. The Yukawa Lagrangian
in this basis is given by (with i, j = 1, 2, 3)
Ly = yiαN iΦ†lα +MNijNTi C−1Sj +
1
2
µijS
T
i C
−1Sj + h.c. (B2)
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In order to calculate the CP asymmetry in this framework, it is more convenient
to work in the basis in which the RH Majorana neutrino mass matrix is diagonal with real
and positive eigenvalues. The Lagrangian in this basis is given by (with i = 1, 2, · · · , 6)
Lh = hiαN˜ iΦlα + 1
2
MiN˜
T
i C
−1N˜i + h.c. (B3)
Analytically, the exact diagonalization of the full 6 × 6 mass matrix M is extremely
involved and we cannot obtain a closed form expression for the CP -asymmetry in this
case. However, we can study the dependence of the small L-violating parameter µ in
some special cases, viz. when the µ-matrix is completely diagonal or completely off-
diagonal, as in these cases the Majorana mass matrix reduces to a block diagonal form.
In this section, we derive the analytical expression for the CP -asymmetry in these two
limits and for two sets of RH neutrinos, i.e. for (Ni, Si) with i = 1, 2. The i = 3 case
reduces to this limit if one of the masses is much heavier and hence decouples from the
other two.
We consider the 4× 4 version of the Majorana mass matrix M:
M4×4 =

 0 MN2×2
MN2×2 µ2×2

 , (B4)
where without loss of generality we choose the mass matrix MN to be diagonal with real
positive eigenvaluesMN1,2 . However, the elements of the µ-matrix are, in general, complex
quantities. Now we consider two special cases:
Case-I: µ purely diagonal
In this case, the Majorana mass matrix can be reduced to a simple block
diagonal form which decouples the (N1, S1) and (N2, S2) sectors:
M =


0 0 MN1 0
0 0 0 MN2
MN1 0 µ11 0
0 MN2 0 µ22


r2↔r3,c2↔c3−→


0 MN1 0 0
MN1 µ11 0 0
0 0 0 MN2
0 0 MN2 µ22


. (B5)
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Then in the (Ni, Si) flavor basis, we have the 2× 2 matrices
M˜i =

 0 MNi
MNi µii

 =

 0 MNi
MNi εiMNie
iθi

 , (B6)
where εi ≡ µii/MNi ≪ 1. The M˜i is diagonalized with real and positive eigenvalues by a
unitary transformation UTi M˜iUi where
Ui =

 −i cosαieiθi/2 sinαieiθi/2
i sinαie
−iθi/2 cosαie
−iθi/2

 , (B7)
and the mixing angles are given by
cosαi ≃ 1√
2
(
1 +
εi
4
)
, sinαi ≃ 1√
2
(
1− εi
4
)
, (B8)
up to O(εi). The corresponding mass eigenvalues are given by
Mj ≃ MNi
(
1± εi
2
)
(i = 1, 2; j = 1, 2, 3, 4) . (B9)
It is clear that the mass splitting within a quasi-Dirac pair is given by µii.
The Yukawa couplings in this diagonal mass basis are related to the couplings
in the flavor basis as follows:
h1α ≃ ie
−iθ1/2
√
2
(
1 +
ε1
4
)
y1α,
h2α ≃ e
−iθ1/2
√
2
(
1− ε1
4
)
y1α,
h3α ≃ ie
−iθ2/2
√
2
(
1 +
ε2
4
)
y2α,
h4α ≃ e
−iθ2/2
√
2
(
1− ε2
4
)
y2α. (B10)
Note that in the L-conserving limit εi → 0, we have hiα = ihjα within a quasi-degenerate
pair (i, j), as expected.
Now let us calculate the CP -asymmetry for the decay of one of the quasi-Dirac
particles, say i = 1. We have from Eq. (14),
ǫ1 =
1
8π
∑
j 6=1
Im
[
(hh†)21j
]
∑
β |h1β|2
f v1j ≃
ε2
16π
∑
β |y1β|2
Im

ei(θ1−θ2)
(∑
α
y∗1αy2α
)2 f v13 (B11)
assuming f13 ≃ f14. Note that the j = 2 term vanishes as there is no imaginary part in
that case. It is clear that ǫ1 vanishes as µ22 → 0. Similarly, one can show that ǫ2 also
vanishes in the limit µ22 → 0, and ǫ3, ǫ4 vanish as µ11 → 0.
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Case II: µ purely off-diagonal
In this case, the Majorana mass matrix in the (Ni, Si) flavor basis reduces to
the following block diagonal form:
M =


0 0 MN1 0
0 0 0 MN2
MN1 0 0 µ12
0 MN2 µ12 0


c1↔c3,r2↔r4−→


MN1 0 0 0
µ12 MN2 0 0
0 0 MN1 µ12
0 0 0 MN2


, (B12)
which, however, mixes the (1,2) sectors; in the (N1, S2) basis, we have the 2 × 2 mass
matrix
M˜ =

MN1 0
µeiθ MN2

 , (B13)
with µ ≪ MN1 ,MN2 . However, unlike in Case I, we cannot diagonalize this asymmetric
matrix by a single unitary transformation; instead, we have to apply a bi-unitary trans-
formation of the form V †M˜U . We find that the following forms of U and V diagonalize
M˜ :
U =

 cosα sinα
− sinαeiθ cosαeiθ

 , V =

 cos β sin β
− sin βeiθ cos βeiθ

 , (B14)
where the mixing angles are given by
cosα =
M2N2 −M2N1√
(M2N2 −M2N1)2 + µ2M2N2
,
sinα =
µMN2√
(M2N2 −M2N1)2 + µ2M2N2
,
cos β =
M2N2 −M2N1√
(M2N2 −M2N1)2 + µ2M2N1
,
sin β =
µMN1√
(M2N2 −M2N1)2 + µ2M2N1
. (B15)
The eigenvalues of M˜ are given by
Mi ≃ 1√
2
[
M2N1 +M
2
N2 + µ
2 ∓
√
(M2N2 −M2N1)2 + 2µ2(M2N1 +M2N2)
]1/2
, (B16)
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up to order O(µ2). Note however that in the new basis, the mass matrix is still not
diagonal and is of the form

 0 Mi
Mi 0

 with eigenvalues ±Mi. This can be diagonalized
with real and positive eigenvalues |Mi| by another unitary transformation:
Ud =

 cos π4 sin π4
− sin π
4
cos π
4

 · diag (e−iπ/2, 1) (B17)
We note here that in this case, unlike in case I, there is no mass splitting within the pair
and the two quasi-Dirac RH neutrinos are exactly degenerate. This is a general result
that the off-diagonal elements of µ do not contribute to the mass splitting within a pair;
they just shift the eigenvalues. Hence, the splitting can be approximated by the diagonal
elements of µ, as in Eq. (10).
Finally, the Yukawa couplings in the mass-diagonal basis with real and positive
eigenvalues are given in terms of the couplings in the flavor basis as follows:
h1α =
i√
2
(
cos β y1α + sinαe
−iθ y2α
)
,
h2α =
1√
2
(
cos β y1α − sinαe−iθ y2α
)
,
h3α =
i√
2
(
sin β y1α − cosαe−iθ y2α
)
,
h4α =
1√
2
(
sin β y1α + cosαe
−iθ y2α
)
. (B18)
Note that in the L-conserving limit µ → 0, cosα, cosβ → 1 and sinα, sin β → 0; it is
clear from Eqs. (B18) that in this limit, we recover the relation hiα = ihjα for the (i, j)
pair.
Using Eqs. (B18), it can be shown that the CP -asymmetry, Eq. (14), for i = 1
becomes
ǫ1 =
1
8π
∑
γ |h1γ|2
[
sinα cos β
(
cos2 β
∑
γ
|y1γ|2 − sin2 α
∑
γ
|y2γ|2
)
f v12
−1
2
{
cosα sin β
(
cos2 β
∑
γ
|y1γ|2 − sin2 α
∑
γ
|y2γ|2
)
+cosα cos β
(
cos β sin β
∑
γ
|y1γ|2 − cosα sinα
∑
γ
|y2γ|2
)}
f v13
]
Im
(
e−iθ
∑
γ
y∗1γy2γ
)
(B19)
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which clearly vanishes in the limit µ→ 0 (as sinα, sin β ∝ µ). Similarly it can be shown
for other channels.
Comparing the CP -asymmetries ǫ1 in these two cases, we find that in Case I,
the contribution within the pair vanishes and the remaining term in Eq. (B11) which is
proportional to f v13 is highly suppressed as M1 is not quasi-degenerate with the (M3,M4)
pair. On the other hand, in case II, the dominant contribution comes from within the
(M1,M2) pair which is enhanced due to large f
v
12. Hence, combining these results, we
expect that in the general case with both diagonal and off-diagonal µ-entries, the dominant
contribution to the CP -asymmetry ǫi should come from “within the pair” decay of Ni.
We checked numerically that this is indeed the case.
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